T nge AR,R NOV 1941

WARTIME REPORT

November 1941 as
Advance Restricted Report

INVESTIGATION OF PERFORMANCE OF 9-CYLINDER ENGINE USING
LARGE VALVE OVERLAP AND ECLIPSE FUEL-INJECTION SYSTEM

By Alfred W. Young

Aircraft Engine Research Laboratory
Cleveland, Ohio

NACA
N A C A LIBRARY

J 4 1o i AERONAUTICAL
LANGLEY MFMOR b
WASHINGTON FMOR VAR

15 k
NACA WARTIME REPORTS are reprints of papersoriginally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a sccurity status tut are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

E-52




T

INVESTIGATION OF PERFORMANCE OF 9~CYLINDER ENGINE USING
LARGE VALVE OVERLAP ALND ECLIPSE FUEI-IKJECTION SYSTEM

By Alfred W. Young
INTRODUCTION

Single~cylinder tests made with several different
englnes over a perlod of years have shown that a large
overlap between the time of inlet valve opening and
exhaust valve cloeing results in a conslderabdle increase
in the maximum power obtainable from a supercharged sesngine
and reduces the eylinder temperatures at a given power oute-
put. (See references 1, 2, and 3.) Howaver, large valve
overlay requlres the use of fuel injection 1nto the cylin-
der in order to prevent fuel from being wasted in case
some of the intnke air passes directly out through the
exhaust valve durling the ovorlap period. Furthermore,
1d1ing of the engine equipped with valve overlep 1s almost
imposslble unloss speclal provisions are made to improve
it.

In order to learn something of tke practical possi-
bilities of using large valve ovorlap the Bureau of
Aeronautics loaned to the Committee a 9-cylinder radial
engine equipped wlth a fuel-injection system. A specilal
cam ring giving 130° of velve overlap was obtaired for
thls engiue. This report discusses the results of tasts
made with this engine to determine the power output and
to lnvestigate means for improving the 1dling, together
with idling tests made on A single-cylinder engine,

EQUIPMENT

The engine msed for these tests was a 9=cylinder
Fratt & Whitney "Wasp" R-1340-12. It had e compression
ratio of 6 to 1, a bPlower drive ratlo of 10 to 1, and
was rated rt 550 horsepower at 2100 rpm at sea level.
It was equipped with an Bcllipsse fuel—-1lnjection systems

The fuel-injection pump was an Fclipse model N-3475X.
It was mounted on the rear of the engine and driven through




gearing from the starter shaft. The pump consists of

nine lapped plungers arranged ir a circle with their

axes parallel. They are operated through a constant
strcke by means of a cam. The fuel quantity 1is con-
trolled by varying the start of injection by moving
axially nlre nardened steel spools which rids on small-
diameter extenslons of the plungers. These plunger
exterslons project through the main body of the pump

into a low~pressure fuel chamber. By-pass ports in the
plunger oxtensinns are covered by the spools at the point
in the plunger travel at which 1t 1s desired tn have the
injectlion start. an sutonmetic mixture—-control device

1s made integral with the pump. Thits device 1s surposed.
to regulate the alr throttle according to the pump throttle
positlon arnd the manifold pressure ard temperature. How-
ever, thls device was disconnected for all tests and the
fuel—-air ratio was regulated by adjusting the pump and air
throttles separately.

The fuel-irnjectlion valves are screwed into special
holss in the cylinder heads 2as skown in flgire 1, 4t a
fuel pressure of 450 pounéds per squere inck the sprirg
loaded valve ster opens inwerdly toward the combustlon
chamber to 1lnject the fuel in a cone-~shaped spray of
approximately 28° included angle. The injection was
timed to start at about 400 after top center on the
suction stroke for full-load fuel quantity. The full~-
throttle injection perlod is approximately 80 crankshaft
degrees.

The engine cylinders and pistons had been modifiled
as sbown in flgure l. The intake valve is shorter than
standard and is partially shrouded by the ledge which had
been added 1in the cylinder head. The top of the plston
1s grooved in eccentric circles for the purpose of re-
flecting the fuel spray and improving the mixling of the
fuel and air.

Single—~cylinder tests had been made with the same
type of cylinder plston, and injJection equipment and with
cams giving normal timing and valve overlaps of 120° and
140°, As & result of the information obtained in these
tests, 1300 of valve overlap was chosen as the timing for
a special cam ring for the R-1340-12 engine.

The designed valve timing with the standard cam and
with the overlap cam is glven in table I. The actual



timing was within a few degrees of these values. It
will be noted that the overlap timing changed only the
intake opening and exhause closing events.

Army Alr Corpes 1l00-octane gesoline was used in all
tests. One~half of 1 percent of lubricating oll was
added to the gasoline to insure some lubrication of the
injectlion pump plungeras.

The engine was first mounted upon an outdoor torgue
stand. This stand was actually a model mounting frame
from the 20~foot propeller~research tunnel. A4 flight
propeller was used to absorb tne englne power and to
supply cooling air. A torque balance served to glive a
rough check of the power output, .but accurate power
measurements with thls equipment were not possible
because of the variable effect of the wind. Thils equip-
ment was used to make preliminary tests of the engine and
injection system mand to determine the effect of a system
of 1ndividual alr thrcttles for each eylinder which was
designed to lmprove the 1dling of the engine when using
valve overlap.

A test bPench set-up for the fuel-injectlion pump and
injection valves was used to facillitate checking and
ad justing the fuel quantity delivered by each of the pump
cylinders.

To obtaln data or the engine power with the normal
and the overlap cams the englne was mounted on a dynamom—
etcr stand of the Alr Corps Matdriel Division at Wright
Field. 1Iu this set-up cooling air.was supplled by a
blower and the engine power was absorbed by an electric
dynamometer and a water brake. 4dditional boost pressure
was obtalned for some runs by connecting the air intake
to the cooling air system of an adjacent test stand.

A slngle-cylinder test engine having the same type
cyllinder and piston as the 9~cylinder radlal englne was
used for 1dling tests with special hydraulically controlled
valve tappets whlch reduced the amount of valve overlap
when 1ldllnge.



TEST RESULTS AND DISCUSSION

Dynamometer Tests

The dynamometer tests were carrled out at speeds of
1500, 1700, 1900, 2100, and 2200 rpm. -A range of manifold
pressures from 22 to 38 inches of mercury absolute was
covered at each speed except where the highest value could
not be reached. The lower pressures were obtalned W
partly closling the alr throttle valve which replaced the
carburetor on this engine. When full-throttle manifold
pressure was reached the engine was boosted stlll further
by taking air from the cooling air hood of an adJacent
test stand. JApproximately 2 inckes of mercury increase
in the intake stack pressure could be obtained 1n this
way.

Friction runs were made over the same range of speeds
anc manifold pressures as the pover runs. The friction
runs were mede with aprroximately the same o0ll in tempere~
ture as the pover runs and with no cooling alr over the
ongine.

Figures 2 to 6 show the brake and frietion mean
effective pressures for this englne over the range of
speeds and manifold pressures covered. Tho results
wlth both the standard cam and the overlap cam are shown
on the same figures. The data have been corrected to
standard air temperature on the assumptlon that the
1ndicated mean effective pressure varles lnversely as the
square root of the absolute temperature at the air intake.
This assumptlon 1s sufficiently accurate for small correc=
tions. No correctlion has been made for varying atmospheric
pressure because this would involve a change 1in the back
pressure acting on the engine. 1Instead, the absolute dry
atmospheric rressure for each set of runs has been shown
on the curves. Thils is the pressure at the engine exhaust.

It 1s cvident that whon the intake manifold pressure
and exhaust pressure are equal the power using the over-
lap cam 1s approximately the same as that with the standard
cam. When the manifold pressure 1s increased the valve
overlap englne shows a rapid 'improvement in power over
the normal engine at first, until a boost of 2 or 3 inches
of mercury is rcached. At higher boosts the power advan-
tage continues to increase, but the rate of increase
drops off, gradually reducing the advantage to a constant



figure. A8 the intake presspre ls reduced below the ex-
haust pressure the power falls off more rapidly with the
overlap cam than with the standard: cam.- - - -

The difference in shape of the curves of bdrake mean
ef fectlve pressure versus manifold pressure for the stand-

. ard and overlap cams 18 caused by the dlfferent amounts of

scavenging of the clearence volume. ¥hen both tkhe lntake
and exhaust valves are open for an appreclable time at the
top of the stroke, as 1s the case with 130° of valve over—
lap, and there 18 a dlfference betweer the lntake and ex—
Loust pressures, there will be a flow of alr in one direc-
tion or the other. When the lntake pressure 1s hlgher
than the exkaust pressure there 1s & tendency for fresh
alr to flow 1nto the c¢ylinder, forclng the spent gas out
past the exheust valve., Ae the pressure dlfference 1ls
increased a larger amount of exhaust gas 1s replaced wilth
fresh charge. However, with a pressure difference of
peraape 3 to 5 inrches of mercury most of the exhaust gas
is forced out, ard at higher pressure dlfferences fresh
alr flows out tke exhaust port end 1ls wasted, If the
pressure diference is increased to a polint where no
eddltlonal exhaust gas le dleplaced, the slope of the
brake mean effectlve pressure curves for the overlap

and standard cams should become practically the same.

For the case of the intake throttled below the exhaust
pressure the flow tarough the valves willl, of course,

be reversed. Some exkhaust gas wlll be drawn into the
intake manifold and the amount of fresh charge drawn 1into
the cylinder will be reduced.

Figure 7 shows the percentage cnange in brake mean
effective pressure due to valve overlap, as taken from the
curves of flgures 2 to 6. The overlap cam shows a rapid
improvement of from 11 to 14 percent lncrease in brake
mean effective pressure with the firet 3 inches of mercury
boost of 1inlet manifold pressure over exhaust pressure,.
Wlth increase in boost pressure to about 9 lnches of
mercury oveor the exhaust pressure, the maxlmum reached in
these tests, the brake mean effective pressure contlinues
to show an lmprovemsnt up to 15 to 17 percent. There are
some variatlions in the curves, probably due partly to
speed effects and partly to varlations in the falrlng of
the original brake mean effectlive pressure curves.

The increase in pédwer obtained by using valve over-
lap 1s leses with this engine than has been obtained on
test englnes having two inlet and two exhaust valves.



Valve overlap experiments with a number of two-valve and
four-valve test engines have indicated that the four-
valve construction results in better scavenglng of the
exhaust gages. (See reference 3.)

The frictlon mean effective pressure both with the
standard cams and with the overlap cams 1is also shown
on figures 2 to 6. The frictlon is very nearly the same
for the two conditions. The sllight but consistent dif-
ference in favor of the overlap cams may be explainsd’by
tho fact that the o0il in temperatures averaged 5° to 10°F
higner during the friction runs with the overlap cams.

Figure 8 shows fuel-consumption loops for two operat-
ing conditions with the standard and with the overlap cams.
For both condlitions the overlap cam shows slightly higher
speclflic fuel consumption both at best sconomy and at maxi-
mum power, although at any given specific fuel consumption
more power is obtained when using the valve overlap. The
reasor for the observed difference 1n specific fuel con~-
gsumption 1s 4difficult to find. A posslble cauee might be
the lncreased load on the supercharger due to the larger
amount of air used with valve overlap. However, thileg
factor was not sufflcient to show up on the frictlon curves
of figures 2 to 6. The fuel consumption throughout these
testes was somewhat higher than it shounld have been because
of uncven distribution of fuel among the engine cylinders,
ag evidenced by differences in the color of the exhausts.
The congtruction of the injection pump made adjustment of
the fuel quantlty pumped %o the different cylinders very
difficult, and there was some variation in the relative
amounts of fuel pumped to the different cylinders with
change in throttle setting.

Idling Tests

Ar engine using & large amourt of valve overlap will
not idle properly unless scme speclal provisions are made
for i1d4ling opreration. The reason 1s tnhat a reduced pressure
oexlste 1n the intake manifold, ard when both valves are
open exhaust gas 1ls drewn back into the intake passages.

On the following suction stroke some of this exhaust gas
i1s drawn into the eylinder, snd when this condition reaches
a certain stage 1t results 1n uneven running or stalling
of the engine. Two ways of overcoming this trouble during



1dling have been investigated. .One reduced the amount
of exhaust gas which could be drawn back i1nto the intake
.8ystem by .reduecing to a minimum the volume of the intake
system which was below atmospheric pressure; the other
changed the valve timing to reduce the amount of overlap
when 1dling was deslred.

fpecial throttle valves.~ The method of improving
the 13ling with valve overlap which was first trled was
the use of separate throttles close to the Iintake valve
of each cylinder. Wlih this arrangement a reduced pressure
could exlst only in the small space between the intake
valve and the throttle, and the amount of exhavst gas which
eould be drewn from thls space into the c¢ylinder on the
gsuction stroke was 80 small that 1dling was not affected.
This scheme had been found to work well with a single—
cylinder engine. (See reference 1l.)

The separate throttle arrangement is shown installed
on the B~1340-12 engine 1in flgure 9, Tigure 10 showa the
construction in more detall. 4 small spacer having a
butterfly throttle valve mounted in it wasg installed
between each of the cylinders anéd its intake pipe. The
nine throttles were interconnected by means of a linkage
to operate simultaneously. With this arrangement gsatis-
factory 1dling could be obtained down to 300 rpm with
propeller load. However, slnce there were no stops on
the throttles it was easy to stell the englne by closlng
them completely. A modification was then made by drilling
a 0.128b6~inch leak hole through each of the butterfly
valves. The throttles could then by closed completely and
the engine would 1ldle smoothly at 400 rpm. It is probadle
that with thlie throttle arrangement exhaust gas 1s not
drawn back even into the small spaces between the inteke
valves and the throttles, for, during three strokes of
the cycle, alr can lesak past the throttle valves to raise
the pressure in these spaces to that in the rest of. the
intake manifold.

¥hile the separate throttle valves work well to permit
1dling there are several posaible objections to their use.
One is the added welght and complication of the separate
throttles with their connecting linkage. A second is the
throttlling of the engine on the pressure side of the super—
charger instead of the suction gside, which would probably
affect the supercharger design and might lead to some
sacrifice of supercharger efficlency. However, this ob-
Jectlon could be overcome by using the corventional throttle




as well, closing the special throttles only for idling.

A third posslible objection 1s the difficulty of installing
throttles in the intake passages without reducing the
volumetric efflciency of the engine.,

Controllable valve tappets.- The second means of
obtalning good 1d4ling operation which was tried was the
use of speclal valve tappets which could be shortened
while the engine was running. In thls way the tappet
clearance was increased and the valve timing changed to
reduce the overlap period. This arrangement waa tried on
the single—cylinder test engine.

The construction of the special valve tappets is shown
in figure 1l1l. The "gzero-lash" principle for hydrauliec
valve tappets was used and the design was worked out to
include a means for collapsing the tappets to provide a
large clearance and reduce the valve 1lift. Figure 11l
shows the tappet massemdbly in the collapsed position, al-
though the push~rod seat is held up agalnst the push rod °
by a spring to prevent looseness of the rod. To extend the
tappet for normal operation with overlap timing the con-
trol valve is turned to allow engine o0il under pressure to
flow into the tappet. The flow of 01l 18 through the
mating holes siown, which register only when the tappet
is resting on the circular part of the cam as shown. 01l
pressure forces the piston valve down, thus cutting off
the oil return passage. 01l then flows up past the ball
check valve, forcing the plston away from the valve body and
increasing the effective length of the tappet. The tappet
i1s extended in thise way to eliminate all clearance, and
any oll leakage 1s replaced wlith fresh oll each time the
tappet comes to the dottom of its stroke. In this way the
tappet maintains gzero clearance contlnuously.

¥Yhen 1dling operation is dssired the control valve
is turned to connect the tarpet oll line with a drain into
the crankcase. Thls relieves the pressure on the plston
valve and the spring forces 1t upward, opening the oil
return passage and permitting the tappet to shorten until
the piston rests on the valve body. The engine then
operates with a predetermined large clearance which 1s
sufficient to reduce the valve 1lift to a point where the
amount of valve overlap 1s not objectionabdle.

The operation of the special hydraunlic tappets was
checked on the single=cylinder test engine., VW¥When oill




presgure was applied to them they extended to the normal
operating length with no perceptible time lag, and when
the drain was -opened they collapsed in a perlod of 2 or
3 seconds. With the engine valve clearance adJusted to
0.0956 inch with the tappets collapsed the overlap period
was approxlmately 15 crank degrees and smooth 1dling was
obtained down to 200 rpm.

The special hydraunlic tappets furnlsh a positive
method of obtalining good 1dling operatlon of an englne
uging large valve overlap. Perhaps the strongest ob—
Jectlion to them is thatmany engines furnish oll to the
rocker arms through the valve tappets and hollow push-
rod tubes, and the speciesl tappets are not easlly adapted
to this function.

GEFERAL

The data presented have shown the lmprovement 1n
rower which can be obtalned ty the use of valve cverlap.
Unpublished data bave shown that cylinder temperatures at
a given power output are lover for an eunglne uslng valve
overlap thar for one using conventional valve timing,
This reduction 1in temperature 1ls brought about because
a glven power output is obtained witn lower manifold
pressures and temperatures and because of the more
complete scavenging of the hot exzhmaust gases. It has
2lso been shown that satisfactory 1dling can be obtalned
wlth an englne using valve overlap provided sultabdle
mocifications are incorporated in the engine.

The use of large valve overlap has been prevented
largely because of the lack of fuel-injectlon equipment
which was suvitable for service mge. It may be advlisable
to point out here the possibllity of realizing the ad-
vantages of large valve overlap on some englnes which use
e carburetor. When maximm power is nesded only for take-
off or emergency conditions, as may be the case for tran-
sport or bombardment airplanes, the waste of some fuel
during the periods of full-power operation will not be
serious. If such englnes can be designed to operate
with elther standerd timing or large valve overlap,
possibly by the use of m double cam which can be shlfted
to either operating position at the will of the pllot,
more pover can be made avallable for take-off Dy uslng the
overlap timing, because of the reduction in engine tempera-
tures.
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CONCLUSIONS

l, The uee of 130 crank degrees of valve overlap
resulted in power lncreases of from 1l to 17 percent at -
boost pressures from 3 to 9 inches of mercury above the
exhaust pressure.

2e Satiefactory 1dling can be obtalnsed with large
valve overlap by useing separate air throttle valves close
to each ecylinder or by using controllable velve tappsts
which permit increasing the teppet clearances for 1dling.
Any method of using a double set of cams to permit running
with elther standard or overlap timing will, of course,
also permit proper 1dling.

3 For certaln carburetor-equipped engilnes required
to produce maximum power for short periods only the use of
large valve overlap may be desirable provided means for
operating with elther standerd or overlap timing cen be
developed.

4, For the two conditions of speed and manifold
pressure tested the overlap cems resulted 1n adbout 3 per-
cen higher specific fuel consumptions, accompanlied by =
power 1lncrease of 12 to 14 percent.

Langley Memorial Aeronautical Laboratory,
Kationael Advisory Committee for Aeronauntics,
Langley Fleld, Va.
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Table I

Yalve Timing With Standard aznd 130° Overlap Cams.

Standard Timing, deg. Overlap timing,deg
Intake opens 26 B.T.0. 70 B.T.C.
Intake closes 76 A.B.C. 76 A.B.C.
Exbaust opens 71 B,B.C. 71 B,B.C.

Exhaust closes 31 A.T.C. 60 A.T,.C,
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Figure 9.~ Engine with special air throttles for idling, mounted on outdoor torque stand.
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Figure 10.- One of the nine air throttle valves.
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